Background: Relationship between amyloid fibrils and amorphous aggregates has not yet been elucidated. Results: A competitive mechanism of amyloid fibrillation and amorphous aggregation reproduced the observed aggregation kinetics of ␤ 2 -microglobulin. Conclusion: Apparent complexities in amyloid fibrillation are explained assuming supersaturation-limited crystal-like amyloid fibrils and unlimited glass-like amorphous aggregates. Significance: Linkage of the kinetics of protein aggregation and a conformational phase diagram improves the understanding of protein aggregation.
Although amyloid fibrils and amorphous aggregates are two types of aggregates formed by denatured proteins, their relationship currently remains unclear. We used ␤ 2 -microglobulin (␤2m), a protein responsible for dialysis-related amyloidosis, to clarify the mechanism by which proteins form either amyloid fibrils or amorphous aggregates. When ultrasonication was used to accelerate the spontaneous fibrillation of ␤2m at pH 2.0, the effects observed depended on ultrasonic power; although stronger ultrasonic power effectively accelerated fibrillation, excessively strong ultrasonic power decreased the amount of fibrils formed, as monitored by thioflavin T fluorescence. An analysis of the products formed indicated that excessively strong ultrasonic power generated fibrillar aggregates that retained ␤-structures but without high efficiency as seeds. On the other hand, when the spontaneous fibrillation of ␤2m was induced at higher concentrations of NaCl at pH 2.0 with stirring, amorphous aggregates became more dominant than amyloid fibrils. These apparent complexities in fibrillation were explained comprehensively by a competitive mechanism in which supersaturation-limited reactions competed with supersaturation-unlimited reactions. We link the kinetics of protein aggregation and a conformational phase diagram, in which supersaturation played important roles.
The aggregates of denatured proteins were classified into two types; amyloid fibrils and amorphous aggregates. Amyloid fibrils are fibrillar aggregates with a width of ϳ10 nm and length of several micrometers (1) (2) (3) . The dominant secondary structure is a cross-␤ structure stabilized by an ordered hydrogen bond network. Although they were found to be associated with Ͼ30 types of amyloidoses, including dialysis-related amyloidosis caused by ␤ 2 -microglobulin (␤2m) 4 (4), various proteins not associated with diseases have also been shown to form amyloid fibrils, indicating that amyloid fibrillation is a generic property of denatured proteins (1) . Previous studies proposed that amyloid fibrils formed in the supersaturated solutions of precursor proteins through a nucleation and growth mechanism that was characterized by a lag phase or via seed-dependent growth without a lag phase (5-7). We revisited "supersaturation" and argued its critical involvement in amyloid fibrillation (8 -12) . It is noted that the role of supersaturation in the kinetics and thermodynamics of fiber formation of hemoglobin S, which is associated with sickle cell anemia, has been studied extensively (13, 14) . The role of supersaturation at the proteome level in neurodegenerative diseases has recently been reported (15) .
On the other hand, the term amorphous aggregate has been collectively used for other types of aggregates (16) , which have not been the targets of intensive research. We previously suggested that amyloid fibrils and amorphous aggregates were similar to the crystals and glasses of substances, respectively (8) , and that they are represented by the same phase diagram as often used for crystallization of substances (Fig. 1A) . Nevertheless, the relationship between amyloid fibrils, amorphous aggregates, and related aggregates such as oligomers or curvilinear fibrils has not yet been elucidated in detail (16, 17) . One of the most important issues for clarifying the mechanism of protein aggregation is whether amorphous aggregates including oligomers or protofibrils represent on-pathway intermediates leading to amyloid fibrils or off-pathway dead products (Fig.  1B) .
Various kinds of agitations such as shaking (18) , stirring (19) , or ultrasonic irradiation (8, 20 -23) have been shown to effectively force spontaneous fibrillation under conditions in which no fibrillation was expected because of the persistent metastability of supersaturation. In the case of ultrasonication-forced fibrillation, we suggested that interactions with the hydrophobic surfaces of cavitation bubbles condensed proteins, leading to the breakdown of supersaturation and then fibrillation (8, 23) . Ultrasonication is now recognized as one of the important approaches for elucidating the mechanisms underlying amyloid fibrillation (23) (24) (25) .
When we monitored the ultrasonication-dependent fibrillation of proteins by thioflavin T (ThT), we often observed a significant decrease in ThT fluorescence after the burst-phase increase (22, (25) (26) (27) . The decrease in ThT fluorescence was accelerated when the lag time was shorter, suggesting that this reduction was caused by the ultrasonication-dependent transformation of preformed fibrils into distinct conformational states (22, 25, 26) . Combined with the salt concentration-dependent competition between fibrillation and amorphous aggregation, we showed that a competitive mechanism, in which various amyloidogenic and non-amyloidogenic aggregates competed (Fig. 1B, Model 2) , explained comprehensively the kinetics and thermodynamics of protein aggregation.
Experimental Procedures
Proteins and Chemicals-A recombinant human ␤2m protein with an additional methionine residue at the N terminus was expressed in Escherichia coli and purified as previously reported (28) . ThT was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other reagents were purchased from Nacalai Tesque (Kyoto, Japan).
Amyloid Fibrillation under Ultrasonication-Lyophilized ␤2m was dissolved in 10 mM HCl. The concentration of ␤2m was determined spectrophotometrically using a molar extinction coefficient of 19,300 M Ϫ1 cm Ϫ1 at 280 nm based on its amino acid composition. The sample solution of 1 ml in a disposable cuvette with a 1-cm light path contained 25 M ␤2m, 0.1 M NaCl, 5 M ThT, and 10 mM HCl. We used a water bathtype ultrasonic transmitter with a temperature controller (ELESTEIN, Elekon Science Co., Chiba, Japan) to induce fibrillation (20, 22) . A cycle involving 1 min of ultrasonication and 9 min of quiescence was repeated. The temperature of the water bath was set to 37°C.
We measured temperature increases due to ultrasonication with a thermocouple (Compact Thermologger AM-8000K, Anritsu, Tokyo, Japan) to monitor the strength of ultrasonication. Among the several methods employed to determine ultrasonic power, calorimetry is often used to specify the ultrasonic power dissipated into a solution, in which the initial rate of the temperature increase is measured upon irradiation of the solution with ultrasonic pulses (24) . With the calorimetric method, ultrasonic power (Q) was calculated using the equation: Q ϭ (dT/dt)C p M, where C p is the heat capacity of water (4.2 Jg
, M is the mass of water (g), and (dT/dt) is the increase in temperature per second. In other words, with the same sample volumes, dT/dt was proportional to ultrasonic power.
Amyloid fibrillation was detected by ThT fluorescence with an excitation wavelength of 445 nm and emission wavelength of 485 nm using the Hitachi fluorescence spectrophotometer F7000 or F4500 (Tokyo, Japan). ANS fluorescence was also monitored with the same fluorometers with an excitation wavelength of 350 nm and emission wavelength of 485 nm.
The seeding experiments were performed by adding 5% (v/v) seeds to the monomeric ␤2m solution. Seed fibrils were prepared by ultrasonication as described above. Kinetics were monitored using a SH9000 microplate reader (Corona Electric. Co., Ibaraki, Japan).
Amyloid Fibrillation in the Presence of NaCl-The sample solution of 2 ml in a glass cuvette with a 1-cm light path contained 25 M ␤2m, 5 M ThT, 50 M ANS, 10 mM HCl, and various concentrations of NaCl. ThT and ANS fluorescence under stirring with a stirring bar was measured with the F7000 fluorescence spectrometer. Excitation and emission wavelengths were the same as those described above.
Circular Dichroism, Atomic Force Microscopy (AFM), and Transmission Electron Microscopy (TEM) MeasurementsFar-UV CD spectra were measured with a Jasco J720 spectropolarimeter (Tokyo, Japan) as described previously (20) . Measurements were performed at 25°C using a quartz cuvette with a 1-mm path length, and the results were expressed as mean residue ellipticity []. AFM images were obtained using a Digital Instruments Nanoscope IIIa scanning microscope (Veeco Instruments Inc., Plainview, NY) as described previously (25) . Regarding TEM measurements, 10-fold diluted samples were spotted onto a collodion-coated copper grid (Nisshin EM Co., Tokyo, Japan). After 1 min, the remaining solution was removed with filter paper, and 5 l 2% (w/w) ammonium molybdate was spotted. After 1 min, the remaining solution was removed in the same manner. TEM (Hitachi H-7650, Tokyo, Japan) images were obtained at 20°C with a voltage of 80 kV and magnification of 20,000.
Fourier Transform Infrared Spectroscopy-FTIR measurements were carried out on a Bruker Equinox 55 (Bruker, Germany) instrument equipped with an MCT detector in CaF 2 cells with 100 m Teflon spacers at 1 cm Ϫ1 resolution as described previously (11) . To avoid the contribution of water vapor peaks to the spectra, the instrument was purged with dry air. Native and acid unfolded monomeric ␤2m solutions were prepared by dissolving the lyophilized ␤2m powder in D 2 O solutions containing 10 mM sodium phosphate, 0.1 M NaCl, pD 7.5, or ϳ10 mM DCl, 0.1 M NaCl, respectively.
Amyloid fibrils were induced in a disposable cuvette with a 1-cm light path by stirring or with the same cycles of ultrasonication and quiescence. Then, fibrillar samples were concentrated by centrifugation for 30 min at 40,000 rpm with a Beckman TL-100 ultracentrifuge using a TLA100.3 rotor. The supernatant was used as a background reference.
The spectra shown were baseline-subtracted, corrected for vapor and HDO contamination, and normalized to an area that is approximately equal to that of a 5 mg/ml protein solution. The second derivative of the spectra was used to determine the positions of the components (30) . The fitting was performed by fitting Gaussian functions to the original curve. The width of the Gaussian curves was limited to Ͻ20 cm Ϫ1 . Components at 1585, 1600, and 1612 cm Ϫ1 and above 1700 cm Ϫ1 are considered as side chain signals. The secondary structure content (%) was calculated from the area of the fitted components.
Results
Ultrasonication-forced Amyloid Fibrillation-We examined the dependence of ␤2m fibrillation on ultrasonic power by using different positions of the ultrasonicator bath. Amyloid fibrillation was monitored by ThT fluorescence at 485 nm ( Fig.  2A) . We simultaneously monitored ultrasonic power by measuring temperature increases in the sample solution (Fig. 2B ). With cycles of 1 min of ultrasonication and 9 min of quiescence, the marked increase observed in temperature during ultrasonic irradiation was followed by a slightly slower decrease in temperature, and a constant temperature was maintained for 5 min. We assumed that the maximal increase in temperature was approximately proportional to (dT/dt) and, thus, ultrasonic power.
Distinct kinetics were observed depending on ultrasonic power (Fig. 2 , A-C). When ultrasonic power was weak, as represented by a small increase in temperature (i.e. 4°C), the amyloid burst occurred after a lag time of 4 h. With increasing ultrasonic power (i.e. a temperature increase of 7°C), the lag time was shortened to 2 h and accompanied by a decrease in the maximal ThT fluorescence. A gradual decrease in ThT fluorescence was then observed ( Fig. 2A) . When fibrillation was monitored under strong ultrasonic power (i.e. a temperature increase of 17°C), the lag time was further shortened to 1 h and accompanied by only a small increase in ThT fluorescence followed by a subsequent decrease. These ultrasonic power-dependent decreases in the lag time and ThT fluorescence (Fig. 2C) were consistent with our previous studies on ␤2m (22, 25) and findings on ␣-synuclein fibrils (27) and amyloid ␤-(1-40) fibrils (26) , implying that extensive ultrasonication transformed the preformed fibrils to amorphous aggregates. In addition, the decrease observed in maximal ThT fluorescence with an increase in ultrasonic power suggested the direct formation of amorphous aggregates as well as amyloid fibrils. However, this was not the case for ␤2m, as will be described later.
Here, to check the effects of an increase in temperature on fibrillation, spontaneous fibrillation of 25 M ␤2m in 0.1 M NaCl, 5 M ThT, and 10 mM HCl was monitored in the presence or absence of stirring at several temperatures using the Hitachi fluorescence spectrophotometer F4500 (Fig. 2D ). The stirring accelerated the fibrillation, and higher temperature slightly increased the rate of fibrillation. However, without stirring, no fibrillation occurred even after 6 h at any temperatures. The intrinsic decrease in ThT fluorescence upon increasing the temperature caused the decrease in the final ThT fluorescence. In our ultrasonication experiments, the increase in temperature occurred only transiently (Fig. 2B) , and the stirring effects caused by ultrasonic irradiation may not be significant. Thus, although ultrasonication is linked with the increase in temperature and the increase in temperature may be one of the important factors accelerating fibrillation, we do not consider that the increase in temperature is a major driving force of amyloid fibrillation, and fibrillation is dominantly accelerated by ultrasonication-dependent cavitation.
Morphologies and Secondary Structures of Ultrasonicationinduced Products-We analyzed the morphologies of ultrasonication-induced products by AFM and TEM. Under the condition of weak ultrasonic power, typical short fibrils were produced after the lag time and were further fragmented by extensive ultrasonication (Fig. 2, G-I ). Although similar morphological changes were observed under the condition of stronger ultrasonic power, amyloid particles were finer than those under weaker ultrasonic power (Fig. 2 , J and K). The formation of amorphous aggregates was unclear; however, we sometimes observed clumps, suggesting amorphous aggregates.
We examined the secondary structures by measuring far UV CD spectra (Fig. 2 , E and F). ␤2m monomers were largely disordered at pH 2.0 in 10 mM HCl and 0.1 M NaCl. After the ThT burst induced by the ultrasonic irradiation of weak power, transformation to the spectrum of a typical ␤-sheet structure was observed (Fig. 2F ). Similar changes in the spectrum were observed even under the conditions of strong ultrasonic power in which only a slight increase in ThT fluorescence was noted (Fig. 2E) . These results suggested that, in the case of ␤2m, strong ultrasonic power induced "amyloid-like" ␤ structures without strong ThT fluorescence. Although further ultrasonication decreased ThT fluorescence, the CD spectrum of the ␤-sheet structure remained, indicating that extensive ultra-sonic irradiation to the preformed fibrils did not destroy the ␤-sheet structure. These results were distinct from those for ␣-synuclein (27) or amyloid ␤-(1-40) (26), in which strong ultrasonic irradiation to the preformed fibrils changed the CD spectra from those of ␤-structures to those of highly disordered structures.
We then used FTIR to examine the secondary structures of fibrillar aggregates as well as other conformational states (Table  1 and Fig. 3 ). The advantages of FTIR spectroscopy are that ␤-sheet structures can be distinguished from other structures more clearly than by CD (30, 32) and that antiparallel ␤-structures can also be identified, depending on the presence of a small but sharp high frequency peak at 1690 -1695 cm Ϫ1 in non-deuterated and at 1682-1685 cm Ϫ1 in deuterated form (30) .
Native ␤2m showed ␤ components around 1636 and 1690 cm Ϫ1 that are related to antiparallel ␤ structures. In contrast, acid denatured ␤2m was proven to be largely disordered. In most of the fibril samples, we observed the dominant intermolecular ␤ components appearing at 1620 -1622 cm Ϫ1 accompanied by minor, native-like ␤ components around 1632-1636 cm Ϫ1 . The intermolecular ␤ components may represent parallel ␤ structures considering the absence of a clear high frequency peak. We have to note that the fibrils formed under strong sonication tended to contain visible large aggregates. Their spectral amplitudes were lower, and the spectra were noisier, probably because of inhomogeneity of the samples. Taken together, the FTIR spectra of ultrasonicated fibrils were consistent with the CD spectra indicating that, although the strong ultrasonic irradiation did not produce fibrils with marked ThT fluorescence, fibrils with secondary structures similar to those of mature amyloid fibrils were formed.
ANS Binding and Size Distribution of Ultrasonication-induced
Products-ANS is an amphiphilic fluorescence dye that specifically interacts with the water-accessible hydrophobic surface of proteins (27, 33) . We examined the interaction of ANS with amyloid fibrils and their products formed by extensive ultrasonication with different levels of ultrasonic power (Fig. 4B) . Under both strong and weak ultrasonic power, ANS fluorescence increased with the formation of amyloid fibrils and decreased with further ultrasonic irradiation (data not shown). The rate of the decrease was accelerated under the stronger ultrasonic power. The kinetics of the increase and Considering the possibility that decreases in ANS or ThT fluorescence occurred by the chemical decomposition of the dyes, we added ANS or ThT to samples with decreased fluorescence intensities (Fig. 4, A and B) . However, no increase was observed in ANS or ThT fluorescence, confirming that the decreases in ANS or ThT fluorescence were not caused by the decomposition of dyes. These results suggested that extensive ultrasonication decreased the ANS-specific exposed hydrophobic surfaces of fibrils as well as the amyloid-specific surfaces detected by ThT.
We investigated the size distribution of the extensively ultrasonicated products by analytical ultracentrifugation (Fig. 4, C  and D) . The distribution of sedimentation coefficient (s) was A, the native state of ␤2m at, as the exception, pD 7.5, in 10 mM sodium phosphate, 0.1 M NaCl. B, the acid-denatured monomer state. C, amyloid fibrils formed in 0.1 M NaCl. D, amorphous aggregates in 1.0 M NaCl. E and F, fibril samples prepared under strong (E) and weak (F) ultrasonic power, respectively. G, extensively ultrasonicated fibrils after fibrillation under weak ultrasonic power. The solid lines represent the raw data, and broken lines represent the deconvoluted spectra. The fitted spectra (not shown) on the basis of deconvoluted spectra were practically the same as the raw data.
estimated from the boundary curves of sedimentation velocity using sedfit software. As for the products under strong ultrasonic power, s values were distributed with two maxima at 18 and 27 s (Fig. 4E) . On the other hand, regarding the products under weak ultrasonic power, s values were distributed with a broad maximum at 43 s (Fig. 4F) . Thus, the sizes of aggregates appeared to be larger under the weaker ultrasonic power, which is consistent with the AFM or TEM measurements (Fig. 2) . The strongly sonicated fibrils with components of 18 and 27 s were considered to have solubility of the former higher than the latter and higher than that of fibrils grown under weak sonication. To further explore the effects of the extensive ultrasonication of preformed fibrils, we performed seeding experiments using fibrils at various stages of decreases in ThT fluorescence (Fig. 4,  G and H) . When seed fibrils with almost no ThT fluorescence were used, the final ThT intensity was ϳ50% that of the control fibrils, although the reaction was accelerated. These faster reactions were caused by the ultrasonication-induced fragmentation of fibrils. On the other hand, the decrease observed in the ThT intensity suggested that the seed fibrils trapped the monomers to prevent further fibrillation. Thus, extensively ultrasonicated fibrils may reduce the potential of efficient seeds.
We also examined the effects of extensive ultrasonication on the chemical structures of ␤2m (Fig. 4, I and J ). An analysis with the reverse-phased HPLC showed that ␤2m monomers depolymerized from fibrils with decreased ThT fluorescence by 4 M guanidine HCl had the same retention time as that of the control monomers. An analysis with mass spectrometry confirmed the intactness of ␤2m molecules depolymerized from fibrils. Thus, the marked decreases observed in ThT fluorescence were not caused by the chemical decomposition of ␤2m molecules.
Salt-dependent Fibrillation and Aggregation-We previously showed that, although fibrillation was accelerated by low concentrations of NaCl of ϳ0.1 M, concentrations higher than 0.5 M inhibited fibrillation and induced amorphous aggregates (8, 34) . To compare the products produced in the presence of high salt levels and extensive ultrasonication, we examined NaCl concentration-dependent competition between fibrillation and amorphous aggregation. Amyloid fibrillation in the presence of various concentrations of NaCl in 10 mM HCl was monitored by ThT and ANS fluorescence (Fig. 5, A-H) .
No significant change was observed in ThT in the absence of NaCl; however, a small increase in ANS fluorescence was noted within the dead time of the measurements (i.e. ϳ20 s). Burst increases in ThT and ANS fluorescence were observed in the presence of 0.05 M NaCl after a lag time of 2.5 h. The marked increase in ANS fluorescence at 0.05 M was attributed to electrostatic attractions between negatively charged ANS and positively charged amyloid fibrils (see below). The lag time became shorter with increases in the concentration of NaCl. At 0.3 M NaCl, we clearly observed two-step kinetics monitored by ANS, whereas ThT fluorescence showed typical kinetics with a lag time of 0.5 h. At 0.4 M NaCl, ANS fluorescence showed fast and major saturating kinetics followed by slow and small increases in ThT fluorescence. Only a very rapid increase in ANS fluorescence was observed at 1.0 M NaCl.
The end products at various concentrations of NaCl were examined by far-UV CD (Fig. 5I) . In the absence of NaCl, the spectrum showed a largely disordered conformation. Typical ␤-structures were observed at 0.05 and 0.1 M NaCl. At NaCl concentrations higher than 0.2 M, the CD intensity decreased due to the precipitation of aggregates. We previously reported that the main products at higher concentrations of NaCl were amorphous aggregates on the basis of AFM and TEM images (8) .
We also measured the FTIR spectrum of amorphous aggregates formed in 1.0 M NaCl (Fig. 3D) . Interestingly, the spectrum showed an altered intermolecular ␤ component around 1616 cm Ϫ1 and an increased 1634 cm Ϫ1 peak together with a small but sharp high frequency component, suggesting that the amorphous aggregates contain a large amount of antiparallel ␤ components.
Previously, a similar secondary structure composition was observed for amorphous aggregates of ␤2m formed at pD 5.5, close to the isoelectric point of the protein (30). It is not rare that amorphous aggregates exhibit high ␤-sheet content.
Among them, Bramanti et al. (35) reported ␤-structured amorphous aggregates of amyloid ␤-(1-40) peptide induced by ferulic acid, and Arosio et al. (36) showed that non-amyloidogenic light-chain dimers form amorphous aggregates with increased ␤-sheet content. In addition, the disagreement between the CD and FTIR results suggests that the extensive precipitation of the aggregates in 1 M NaCl prevented the accurate secondary structure analysis by CD.
The plot of ThT fluorescence against NaCl concentrations showed a maximum at 0.2 M and decreased with a further increase in the NaCl concentration (Fig. 5J) . Because the slower phase of the two-step increase in ANS fluorescence occurred at the same time range as the increase in ThT fluorescence, it represented the formation of fibrils (Fig. 5E ). On the other hand, we previously showed that amorphous aggregates formed relatively rapidly without a lag phase (8) . Thus, we plotted intensity at 485 nm at 0.5 h, which may represent the amount of amorphous aggregates, and the final maximal value, which represents a sum of the amounts of amyloid fibrils and amorphous aggregates (Fig. 5J) . ANS fluorescence at 0.5 h increased above 0.2 M NaCl and was saturated at 0.5 M NaCl. The final ANS fluorescence peaked at 0.05 M NaCl and was constant above 0.1 M NaCl. The markedly strong ANS fluorescence at 0.05 M NaCl may have been caused by the electrostatic binding of negatively charged ANS molecules to positively charged ␤2m fibrils.
Although we assume that oligomers and amorphous aggregates might be continuous as proposed by Miti et al. (17) , we cannot address the properties of oligomers at this stage because we did not observe oligomers in this study.
Discussion

Competitive Model of Amyloid Fibrillation and Amorphous
Aggregation-We proposed a competitive mechanism of amyloid fibrillation and amorphous aggregation to explain NaCl concentration-dependent changes in end products (Model 2 in Fig. 1B and Mechanism 1 in Fig. 6A) (8, 9, 27) . A similar competitive mechanism was reported previously for amyloidogenic light chains (37, 38) , ␤2m (39), insulin (40) , and ␣-synuclein (41, 42) , in which the aggregation process was branched, with one pathway leading to fibrils and another to oligomeric intermediates that may ultimately form amorphous aggregates. Miti et al. (17) recently reported a similar mechanism with hen egg white lysozyme at pH 2 and 52°C including various stable, metastable, and kinetically trapped amyloid aggregate phases. They focused on transitions from monomers to oligomers, curvilinear fibrils, and oligomeric precipitation and proposed that oligomeric and amorphous aggregates were structurally distinct from rigid fibrils. In addition, they proposed that an experimentally determined phase diagram matches the colloidal model predictions. On the other hand, they considered neither the critical concentration nor supersaturation of amyloid fibrillation. More recently, on the basis of kinetic simulation using an explicit approach, Hall et al. (43) suggested possible regulatory effects that off-pathway processes might exert on the rate and extent of amyloid formation.
A long debated issue is whether oligomers or protofibrils represent on-pathway intermediates that must be populated along the pathway leading to fibril formation or off-pathway intermediates that are located at a dead end of the reaction scheme (16) (Fig. 1B) . The competitive mechanism discussed above supports the off-pathway (or dead end) hypothesis. We previously reported the complete disappearance of the transiently accumulated amorphous aggregates of hen egg white lysozyme or ␤2m upon amyloid fibrillation, suggesting that amorphous aggregates were also off-pathway products (44, 45) . The distinct intermolecular ␤-sheet component in the infrared spectrum of the amorphous aggregates (1616 cm Ϫ1 versus 1620 -1622 cm Ϫ1 in fibrils, Table 1 ) suggest a completely different structure and thus further supports the off-pathway hypothesis. On the other hand, many proteins have been shown to form on-pathway oligomers (16) . In cases in which oligomers, protofilaments, or amorphous aggregates are off-pathway intermediates, fibrillation occurs only after they dissociate; however, the extent of the conformational change required to restart fibrillation remains largely unknown.
Simulation of Observed Kinetics-We simulated the salt-dependent competition of amyloid fibrillation and amorphous aggregation assuming Mechanism 1 (Fig. 6A) . In our competitive mechanism, we assumed that all competing processes were reversible with the corresponding critical concentrations. We assumed that amorphous aggregates formed without a lag phase, which is in contrast to the nucleation-limited growth of fibrils (8) . Similar competitive and reversible mechanism has been reported for polymers from -conjugated oligomers, in which two parallel and competing pathways explain the presence of a kinetically favored intermediate assembly that forms quickly but then transforms into a thermodynamically favored form (46) . Similar to the competitive mechanism suggested by Miti et al. (17) , we assumed that our pathway of amorphous aggregation accommodated oligomers, curvilinear fibrils, and large amorphous aggregates, the interconversion of which was more rapid than supersaturation-limited amyloid fibrillation.
To analyze the kinetics of fibrillation on the basis of Mechanism 1, we used equations taken from the F-W model (7). FIGURE 6. Analysis of the NaCl concentration and the ultrasonic power dependence of amyloid fibrillation by a competitive mechanism. A, the competitive mechanism of amyloid fibrillation and amorphous aggregation. B, dependences on the NaCl concentration of the fractions of monomers, fibrils, and amorphous aggregates. C-E, dependence on the NaCl concentration of the rate constants and equilibrium constants on the basis of Mechanism 1. C, k 1 , k Ϫ1 , and K 1 . D, k 2 , k Ϫ2 , and K 2 . E, k 3 , k Ϫ3 , and K 3 . F, the competitive mechanism of amyloid fibrillation and amorphous aggregation including fibril-like aggregates F*. G and H, fitting of fibrillation kinetics under various levels of ultrasonic power by the competitive mechanism. G, experimental data were the same as those shown in Fig. 2A . H, experimental data were taken from So et al. (22) . I-K, dependences on the NaCl concentration of rate constants and equilibrium constants on the basis of Mechanism 2. I, k 1 , k Ϫ1 , and K 1 . J, k 4 , k -4 , and K 4 . K, k 6 , k Ϫ6 , and K 6 . Other rate and equilibrium constants were assumed to be the same as those at 0.1 M NaCl without ultrasonication. Lines are guides for the eye. JULY 17, 2015 • VOLUME 290 • NUMBER 29
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where M is the monomeric protein, F is the amyloid fibril, AA is the amorphous aggregate, k 1 , k Ϫ1 , k 2 , k Ϫ2 , k 3 , and k Ϫ3 represent the rate constants of the respective processes, and K 1 , K 2 , and K 3 represent the corresponding equilibrium constants. Although these equations considered neither the elongation of fibrils through the ends of fibrils nor the breakage of preformed fibrils, leading to secondary nucleation, we considered them one of the minimal models reproducing the observed kinetics.
To fit the observed kinetics with the model, we estimated the equilibrium (i.e. final) fractions of fibrils, amorphous aggregates, and monomers at various salt concentrations. We assumed that 100% of the molecules transformed to amorphous aggregates at 1.0 M NaCl. The fractions of amorphous aggregates at various NaCl concentrations were then estimated from the ANS fluorescence intensity at 0.5 h, when fast amorphous aggregation finished. Analytical ultracentrifuge showed that at concentrations Ͼ0.2 M NaCl most of the protein molecules precipitated at 3000 rpm, confirming no significant residual monomers (data not shown). The fractions of fibrils at concentrations Ͼ0.2 M NaCl were then obtained by subtracting the fractions of amorphous aggregates from 1. Alternatively, the fractions of fibrils were estimated from the maximal ThT intensities at various NaCl concentrations in which the ThT value at 0.2 N NaCl was used to obtain the specific ThT value of fibrils. In either method the fraction of fibrils showed a maximum at 0.2 M NaCl, whereas the fraction of amorphous aggregates increased at a higher NaCl concentration (Fig. 6B) .
We fit fast kinetics within 0.5 h, assuming that equilibrium was rapidly established between unfolded monomers and amorphous aggregates. Formation and dissociation rate constants were determined in order to reproduce the fast kinetics and amount of amorphous aggregates at 0.5 h. We then fit the slow kinetics representing the formation of amyloid fibrils. At the respective NaCl concentrations, we assumed a factor relating the ThT fluorescence and ANS fluorescence of fibrils. The fit kinetics showed that the amount of amorphous aggregates exhibited a maximum at moderate concentrations of salt (e.g. 0.2-0.3 M NaCl), and this was followed by a slow decrease coupled with the formation of amyloid fibrils. Because ANS fluorescence monitors both amorphous aggregates and amyloid fibrils, it exhibited a shoulder at 0.5 h (Fig. 5, D and E) .
The competitive mechanism sufficiently reproduced the observed kinetics at various NaCl concentrations monitored by ThT and ANS (Fig. 5) . Both the equilibrium constants of amyloid nucleation (K 1 ) (Fig. 6C ) and amorphous aggregation (K 2 ) (Fig. 6D) increased with higher NaCl concentrations. The equilibrium constant for elongation (K 3 ) was relatively constant (Fig. 6E) . However, because amyloid fibrillation was more favorable before amorphous aggregation became dominant, the maximum amount of fibrils was achieved at moderate concentrations of NaCl (Fig. 6B) . The salt-dependent phase transitions of the major products, from monomers to amyloid fibrils to amorphous aggregates, can be illustrated by NaCl concentration-dependent changes in the [M] c values for amyloid fibrils and amorphous aggregates (Fig. 7) . The logarithm of the [M] c value is proportional to the standard free energy change in the phase transition (Fig. 7A) . At NaCl concentrations lower than ϳ0.05 M, the [M] c values of amorphous aggregation and amyloid fibrillation were both higher than the experimental protein concentration (25 M or 0.3 mg/ml); therefore, the free energy changes of aggregation were positive (Region 1). Thus, monomers dominated in equilibrium. At a NaCl concentration between 0.05 and 0.15 M (Region 2a), the free energy change of amyloid fibrillation became negative, whereas that of amorphous aggregation was still positive. Thus, only amyloid fibrillation occurred after a lag phase. At a NaCl concentration between 0.15 and ϳ0.3 M (Region 2b), free energy change of amorphous aggregation became negative. Because amorphous aggregation is rapid and amyloid fibrillation is slow, the rapid formation and slow relaxation of amorphous aggregation was coupled with the slow formation of amyloid fibrils (Fig. 7C) . Only the rapid formation of amorphous aggregates occurred at a NaCl concentration Ͼϳ0.5 M. Here, it is noted that Region 2 (amyloid fibrils) in the general phase diagram shown in Fig. 1A was divided into two subregions (Regions 2a and 2b) depending on the kinetics of fibrillation.
Moreover, salt-dependent changes in the fit rates and equilibrium constants of fibrillation and amorphous aggregation suggested the origin of the observed complicated kinetics (Fig. 6, C-E) . The increase in fibrillation equilibrium (K 1 , K 3 ) was mainly caused by an elevated nucleation rate (k 1 ) (Fig. 6C ) without a significant change in the elongation reaction (Fig. 6E) . On the other hand, the increase in amorphous aggregation (K 2 ) was caused by a decrease in the dissociation rate (k Ϫ2 ) (Fig. 6D) .
The observed kinetics of amyloid fibrillation also illustrate the conformational phase diagram, which is dependent on NaCl and protein concentrations (Fig. 7B) . Although the linear dependences of the free energy changes of amyloid fibrillation and amorphous aggregation with a crossing point at a high NaCl concentration predicted the disappearance of an amyloidogenic region at the low protein concentration and high NaCl concentration regions, the exact shape of the phase diagram under the extreme protein and salt concentrations remain unknown without exact data under those conditions. In this context it is noted that a general phase diagram shown in Fig. 1A assumed the persistence of amyloidogenic region even at very high salt concentrations. Nevertheless, we argue that a conformational phase diagram common to various amyloidogenic proteins may be reproduced by a competitive mechanism between supersaturation-limited amyloid fibrillation and unlimited amorphous aggregation.
Ultrasonication-dependent Decrease in ThT FluorescenceIn the cases of ␣-synuclein (27) and amyloid ␤ peptides (26) , extensive ultrasonication transformed preformed fibrils to amorphous aggregates with decreased ThT fluorescence, as confirmed by a CD spectroscopy and EM or AFM images. This was not the case for ␤2m fibrils and fibrillar aggregates with reduced ThT fluorescence that retained amyloid-like ␤-structures. Similar aggregates were induced from ␤2m monomers under extensive ultrasonic power (Figs. 2 and 3) .
We now assume that extensive ultrasonication can produce a distinct conformational state located between amorphous aggregates and amyloid fibrils, which may be represented by F* (Fig. 6F, Mechanism 2) . We modified Mechanism 1 by adding an additional pathway producing F* (Equations 7 and 8). We also assumed that the preformed fibrils (F) may be converted to With these equations on the basis of Mechanism 2 (Fig. 6F) , a series of kinetic data as shown in Fig. 2 were simulated in which ultrasonic power varied at 0.1 M NaCl (Fig. 6G) . Moreover, we analyzed a series of data obtained by So et al. (22) with a microplate in which ultrasonic power varied depending on the wells of the microplate (Fig. 6H) . In an analysis of ultrasonication-dependent reactions, we assumed that the rate (k 2 , and k Ϫ2 (Equation 2)) and equilibrium constants ( . Region 1, critical concentrations for fibrillation and amorphous aggregations were higher than the ␤2m concentration in the solution. Region 2a, critical concentrations for fibrillation and amorphous aggregations were lower and higher, respectively, than the ␤2m concentration. Region 2b, critical concentrations for fibrillation and amorphous aggregations were both lower than the ␤2m concentration, with the former being lower than the latter. Region 3, after the crossing point, the critical concentration of amorphous aggregation was lower than that of fibrillation and, thus, determined the overall kinetics. B, the protein concentration-and NaCl concentration-dependent phase diagram of conformational states. The dotted green lines in A and B indicate the possible free energy profile and phase boundary, respectively, for the transition from monomers to F* fibrils under the conditions of extensive ultrasonication. C, representative kinetics under Regions 1-3 are illustrated. D, dependence of the effects of ultrasonication on the stability of amyloid fibrils. Stable fibrils like those of ␤2m produced partially destructed fibrillar aggregates, whereas less stable ␣-synuclein fibrils exhibited two-state destruction by ultrasonic irradiation.
